The organotin(IV) compounds Me 2 SnCl 2 (dbtp)(1), Me 2 SnCl 2 (dbtp) 2 (2), Et 2 SnCl 2 (dbtp) (3), Et 2 SnCl 2 (dbtp) 2 (4), Et 2 SnCl 2 (dptp) (5), n Bu 2 SnCl 2 (dbtp) 2 (6), n Bu 2 SnCl 2 (dptp) (7), Ph 2 SnCl 2 (dbtp) (8), Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 (9), where dbtp = 5,7-di-tert-butyl-1,2,4-triazolo[1,5-a]pyrimidine and dptp = 5,7-diphenyl-1,2,4-triazolo [1,5-a]pyrimidine, have been tested by MTT for their cytotoxic activity on three tumor cell lines, HepG2 (human hepatocellular carcinoma), HeLa (human cervix adenocarcinoma) and MCF-7 (human breast cancer). Except for 1 and 2, which were ineffective, all compounds significantly showed a dosedependent anti-proliferative effect against the three cell lines. By calculated IC 50 values, the cytotoxicity of the complexes followed the order n Bu > Ph > Et > Me for all the selected tumor cells. The cell death of HepG2, induced by organotin(IV) compounds 6-9, was considered to be apoptotic by measuring the exposure of phosphatidylserine to the outer membrane and observing the typical apoptotic morphological change by acridine orange/ethidium bromide staining. Flow cytometric analysis of propidium iodidestained cells also demonstrated that organotin(IV) complexes caused apoptosis of HepG2 cells through cell arrest at G0-G1 phase. The crystal structure of 7, investigated by X-ray diffraction study, exhibited a distorted trigonal bipyramidal geometry with N, Cl as axial atoms and Cl and butyl groups in the equatorial plane. The triazolopyrimidine unit coordinates to the Sn atom through N(3) in a monodentate mode. Two conformational isomers (molecule A and B in the crystallographic independent unit) are co-crystallized in the solid state, a phenomenon that has been observed only occasionally. Conformational mobility of the cytotoxic complex 7 can sum up to the ligands ability to form H-bonds and pÁ Á Áp stacking, facilitating its intracellular uptake.
Introduction
The chemistry of organotins has attracted much attention in recent years, owing to potential biological and industrial applications. The organotin(IV) compounds have shown a wide variety of biological activities: bactericidal, fungicidal, biocidal and pesticidal [1] . In addition, many organotin(IV) compounds have been tested for their in vitro activity against a large variety of tumor cell lines and have been found to be as effective, or better, than traditional heavy metal anticancer drugs such as cisplatin [2] . In general, the biochemical activity of organotin(IV) complexes is influenced greatly by the structure of the molecule and the coordination number of the tin atoms [3] ; it is well known that the biological activity of organotin(IV) complexes is related to the number of Sn-C bonds and the type of groups in the organotin moiety. The organotin(IV) compounds with triazolopyrimidine ligands have not been investigated to a large extent. Considering that organotin(IV) compounds are promising also in cancer therapy, we have decided to study a class of R 2 SnCl 2 (L) 2 and R 2 SnCl 2 (L) type complexes (R = Me, Et, n Bu, Ph and L = dbtp or dptp).
Triazolopyrimidines [4] represent an interesting class of heterocycles due to the number and the arrangement of the nitrogen atoms in the aromatic cycle as well as the nature of the ring substituents. Some transition metal complexes (e.g. Ag(I), Cu(II), Pt(II), and Pd(II)) with triazolopyrimidines significantly inhibit the in vitro cell http://dx.doi.org/10.1016/j.ica.2014.07.015 0020-1693/Ó 2014 Elsevier B.V. All rights reserved. growth of Gram(+) and Gram(À) bacteria. The antitumor activity studies (in vitro) of cis-dichloro platinum(II) compounds with triazolopyrimidine ligands dbtp and dptp [5] indicate a moderate antiproliferative activity against the cells of rectal, breast and bladder cancer. Cytotoxicity parameters pointed out that the antitumor activity of the investigated platinum(II) compounds containing 1,2,4-triazolo [1,5-a] pyrimidines depends directly on the geometry around platinum(II) and the kinds of ligands involved. When the antitumor activity of the triazolopirymidine complexes is related to substitutions in the pyrimidine ring, their electronic and stereochemical impact is unequivocal. Previous studies on cis-dichloro platinum(II) compounds with 5,7-disubstituted-1,2,4-triazolo [1,5-a] pyrimidines suggested that the presence of a bulky ligand (tert-butyl or a phenyl group in the triazolopyrimidine ring) might be a major factor in the antitumor activity of the platinum(II) compounds [6] . Reported X-ray structures confirmed the presence of monodentate triazolopyrimidines in many coordination compounds; in each case the heterocyclic ligand binds via N(3), in mononuclear Pt(II) [7] , Pd(II) [8] and Ru(III) [9] coordination compounds. A special feature of these complexes is that they were modeled on the active square-planar Pt(II) complexes which have cis halogen groups and yet the mode of action for the formation of metal-based cross-links is reported to follow a different route for organotin adducts [10] . Among the diorganotin(IV) compounds, di-n-butyltin(IV) derivatives have received more attention due to their antitumor activity stronger than that of dimethyltin(IV) or diethyltin(IV) analogs. However, their antitumor mechanisms of action are still not elucidated [11] . Investigations on 'induction of apoptosis' by metal-based drugs have become popular with cisplatin and ruthenium compounds, suggesting that apoptosis is a possible key event in mediating the in vitro antitumor activity of these compounds. Inspired by the apoptosis mechanism of these metal-based antitumor complexes, we decided to check if the in vitro antitumor activity of organotin(IV) complexes could be related to apoptosis by cellular biochemical studies.
Recently, we described complexes of diorganotin(IV) dichlorides with the heterocyclic ligands [1, 2, 4] [12] , 5,7-ditertbutyl-1,2,4-triazolo [1,5-a] pyrimidine (dbtp) and 5,7-diphenyl-1,2,4-triazolo [1,5-a] pyrimidine (dptp) [13] that exhibit antibacterial activity against a group of reference pathogen micro-organisms, thus showing antibacterial activities against a group of reference pathogen micro-organisms, which shows their inhibitory effect. In vitro antimicrobial tests showed that n Bu 2 SnCl 2 (dmtp) [12] has interesting properties as anti Grampositive and antibiofilm agent.
The present study was aimed to widen the knowledge about bio-activity of organotin(IV) compounds. We here investigate inhibitory effects of complexes with triazolopyrimidine on the growth of a number of human malignant cell lines and assess the influence of the substituents (tert-butyl or phenyl) attached to the heterocyclic ring and the type of alkyl or phenyl groups attached to the tin atom, on their biological activity. The formerly characterized organotin(IV) compounds [13] (9) . All complexes were evaluated for their in vitro anti-proliferative activity against three human cancer cell lines: HepG2 (human hepatocellular carcinoma), HeLa (human cervix adenocarcinoma) and MCF-7 (human breast cancer). The apoptosis of HepG2 cells induced by the most active complexes was also investigated using flow cytometry as well as fluorescence microscopy. Moreover, crystal structure of n Bu 2 SnCl 2 (dptp), 7, whose spectroscopical parameters have been previously reported [13] , is also discussed. Crystals of 7, suitable for the X-ray diffraction studies, were grown on slow evaporation of a methanol solution of the complex (Fig. 1) . Preliminary examination and data collection were carried out at ambient temperature on a Sapphire CCD detector (Oxford Diffraction Ltd., Agilent Technologies, USA) with Mo Ka radiation, k = 0.71073 Å, monochromator graphite.
Data reduction was automatically performed by CrysAlisPRO (Oxford Diffraction Ltd., UK). The cell parameters were obtained and refined using the PHICHI [14] and DIRAX [15] programs, respectively, catching reflections with random orientation in hkl planes. Intensities were corrected by Lorentz polarization and absorption with the SADABS [16] program. The XPREP [17] program was used for analysis of the data reduction and revealed an orthorhombic P group. The structure was solved by direct methods using the SHELXS-97 [18] program. SHELX-97 was used for structure solution and refinement based on F 2 . The asymmetric unit contains two crystallographically independent molecules, A and B, two conformers differing in both the butyl groups and the phenyl ring orientations Fig. 2 . The butyl moieties, particularly those of molecule B, are characterized by large thermal vibrations; however, no satisfactory alternative model for the disordered atoms could be refined despite repeated attempts. The two independent molecules were separately refined by blocked-matrix least squares methods, giving to each correspondent atom the same crystallographic numbering with A or B labels. Non-hydrogen atoms were refined isotropically, apart from Sn and Cl atoms. Hydrogen atoms bound to carbon atoms were added in calculated positions. Aromatic carbon atoms were refined with U iso (H) = 1.2 U eq C sp 2 and methyl carbon s with U iso (H) = 1.5 U eq C sp Crystal data and details of measurements are reported in Table 1 . Molecular graphics were prepared using ORTEP-3 for Windows [19] . Scheme 1. The structure of ligands dbtp and dptp.
Viability assay in vitro
The tested complexes were dissolved in ethanol and then diluted in culture medium so that the effective alcohol concentration did not exceed 0.2%. HepG2, HeLa and MCF-7 cell lines and human hepatic Chang liver cells were purchased from American Type Culture Collection, Rockville, MD, USA. All of them were grown in RPMI medium supplemented with L-glutamine (2 mM), 10% fetal bovine serum (FBS), penicillin (100 U/mL), streptomycin (100 lg/mL) and gentamicin (5 lg/mL). HepG2 culture medium also contained sodium pyruvate (1.0 mM). Cells were maintained in log phase by seeding twice a week at a density of 3 Â were added. The medium was discarded after a 2 h incubation at 37°C by centrifugation, and formazan blue formed in the cells was dissolved in dimethyl sulfoxide (DMSO). The absorbance, measured at 570 nm in a microplate reader (Bio-RAD, Hercules, CA), of MTT-formazan of control cells was taken as 100% of viability. IC 50 value for each assessed compound was calculated by plotting the percentage viability versus concentration on a logarithmic graph and reading off the concentration at which 50% of cells remained viable relative to the control. Each experiment was repeated at least three times in triplicate to obtain the mean values.
Measurement of phosphatidylserine exposure
The externalization of phosphatidylserine (PS) to the cell surface was detected by flow cytometry by double staining with Annexin V/propidium iodide (PI). HepG2 cells were seeded in triplicate in 24-wells culture plates at a density of 5.0 Â 10 4 cells/cm 2 . After an overnight incubation, the cells were washed with fresh medium and incubated with the compounds in RPMI. After 24 h, cells were harvested by trypsinization and adjusted at 1.0 Â 10 6 cells/mL with combining buffer. One hundred microliters of cell suspended solution was added to a new tube, and incubated with Annexin V and PI solution according to the manufacturer's instructions (eBioscience, San Diego, CA) at room temperature in the dark for 15 min. Then samples of at least 1.0 Â 10 4 cells were subjected to fluorescence-activated cell sorting (FACS) analysis by Epics XL™ flow cytometer using Expo32 software (Beckman Coulter, Fullerton, CA), using appropriate 2-bidimensional gating method.
Acridine orange and ethidium bromide morphological fluorescence dye staining
Acridine orange (AO) stains DNA bright green, allowing visualization of the nuclear chromatin pattern and stains both live and dead cells. Ethidium bromide (EB) stains DNA orange but is excluded by viable cells. Dual staining allows separate enumeration of populations of viable non-apoptotic, viable (early) apoptotic, nonviable (late) apoptotic, and necrotic cells. Live cells appear uniformly green. Early apoptotic cells stain green and contain bright green dots in the nuclei as a consequence of chromatin condensation and nuclear fragmentation. Late apoptotic cells incorporate EB and therefore stain orange, but, in contrast to necrotic cells, the late apoptotic cells show condensed and often fragmented nuclei. Necrotic cells stain orange, but have a nuclear morphology resembling that of viable cells, with no condensed chromatin. Briefly, after HepG2 cells were treated with the organotin(IV) compounds for 24 h, the medium was discarded. Cells were washed with saline 5 mM phosphate buffer (PBS) and then incubated with 100 lL PBS containing 100 lg/mL of EB plus 100 lg/mL of AO. After 20 s, EB/AO solution was discarded and cells immediately visualized by means of fluorescent microscope equipped with an automatic photomicrograph system (Leica, Wetzlar, Germany). Multiple photos were taken at randomly-selected areas of the well to ensure that the data obtained are representative. The crystal structure of 7 is shown in Fig. 1 as an Ortep representation (30% probability) together with the atomic crystal numbering. Significant bond distances and angles are reported in Table 2 . In agreement with IR and Mössbauer evidences [13] , n Bu 2 SnCl 2 (dptp) is a five-coordinated Sn species; X-ray diffraction studies confirm a distorted trigonal bipyramidal geometry with N, Cl as axial atoms and Cl and butyl groups in the equatorial plane. The triazolopyrimidine unit coordinates to the Sn atom through N(3) in a monodentate mode, with Sn-N(3) bond distance of 2.576(8) and 2.556(8) Å for molecule A and B respectively, trans to Cl(2), Sn-Cl(2) 2.439(4) and 2.436(4) Å for molecule A and B respectively (Fig. 2) . The present distance [2.566 Å as an average] is well beyond the ''threshold'' for activity, according to Crowe [21] : actually, longer Sn-N bond lengths in diorganotin(IV) complexes containing an N-donor atom, particularly greater than 2.39 Å, could apparently favour binding to DNA, whereas the inactive complexes had Sn-N bonds <2.39 Å. The rationale behind this is that the ligand predissociation may be an important step in the complex mode of action promoting the formation of a Sn-DNA complex, at least for bidentate N ligands. Our previous structural investigations on this class of complexes revealed that also compound 4 shows a quite long Sn-N bond [2.603(2) Å] while no comparison can be made for compound 9, where the N atom of the dptp moiety is H-bonded to the O atom of the ethanol Sn ligand, no direct Sn-N interaction being present [13] .
Cell cycle analysis
The angles depicting coordination around the tin atom range from 177.4(3)°, for N(3)-Sn-Cl(2), the trans axial ligands, to the significantly distorted equatorial plane where there is a clear difference in the bond angles between the two conformers (molecule A and B in the crystallographic independent unit) due to the different butyl groups conformation and relative orientation. Actually, the angle C(1)-Sn-C(5) is 141.5(6)°for the butyl groups of molecule A and 133.6(6)°for molecule B. That is, in molecule A both the butyl groups exhibit an anti conformation with a relative cisoid orientation of the ligands with respect to the Cl(1)-Sn-Cl(2)-N(3) plane. C(2) and C(6) lie on the same side with respect to the above mentioned plane, thus widening the bond angle between C(1) and C(5). Overall, the SnC 2 Cl 2 N center displays local C 2 site symmetry and the triazolopyrimidine plane comprises also the C(20) to C(25) phenyl ring, while C(14) to C(19) phenyl ring forms an angle of 28.7(3)°with the previous one. In molecule B, on the other hand, one butyl ligand exhibits an anti conformation while the other one has a gauche one, thus resulting in a local lack of symmetry, where neither phenyl ring lies exactly on the triazolopyrimidine plane.
Taking into account bond angles, perhaps a better description of the tin coordination for molecule B is that of a distorted square pyramid where Cl(2) occupies the axial site, while Cl(1), N and the C atoms define the base, according to a distorted cis-R 2 trigonal bipyramidal structure determined by Mössbauer spectroscopy [13] . The other bond angles at the tin atom are the following: C(1)-Sn-Cl (1) (1) of a B molecule, thus yielding A-B hetero-dimers; the geometry of this interaction is reported in Table 2 . Beside this H-bonding interaction, many p-p and edge-to-face aromatic interactions contribute to the three-dimensional packing of the molecules. These latter interactions, interestingly, involve molecules belonging to the same conformers, i.e. among A molecules on one side and among B molecules on the other, where phenyl rings face towards the six-membered ring in triazolopyrimidine. Thus, a selective selfrecognition between ''homo''-conformers drives the aromatic supramolecular assembly of the compound, while the H-bonding networks drives the ''hetero'' conformers recognition. This kind of shape-induced chiral ordering in 3-D packing, where chiral objects are produced from non chiral molecules, results in a very efficient enantiomeric close packing. The presence of different conformers in the same crystal is occasional [22] and undoubtedly linked to the low energy difference among the different forms. However, it is known that even a slightly disfavored torsional geometry may be compensated by a better H-bonding or aromatic interaction. Molecular conformation and hydrogen bonding (or pÁ Á Áp stacking interactions) can thus influence each other and, in turn, the overall crystal packing. In the present case, stabilization of the two conformers by the crystal packing may be relevant for activity. The activity of the cytotoxic complex 7 can be attributed to the ability of the ligand to form unobstructed H-bonds and/or pÁ Á Áp stacking that may facilitate an intracellular uptake of complexes [23] .
In addition, it must be pointed out the dual role of the Sn centre as a Lewis acid in order to coordinate the organic ligands and as a template in properly positioning the flexible moieties for new metal-based antitumour drugs, playing also its own part in inducing apoptosis. Chirality thus generated in crystal packing is certainly a very important aspect in determining stereoselective and stereospecific interaction with target molecules [24] while an increased bio-activity may be hypothesized due to the multifaceted binding mode of conformers. Actually, due to the recent serendipitous discovery of aspirin form II [25, 26] polymorphism in pharmaceutical chemistry has gained new impulse [27, 28] .
Cytotoxicity assay in vitro
An investigation of cytotoxic activity in vitro of the organotin(IV) complexes 1-9 against three human tumor cell lines HepG2, MCF-7, HeLa and human hepatic Chang liver cells was carried out in order to assess the possible relationship between the different tin moieties (bearing methyl, ethyl, butyl or phenyl groups), the coordination geometry and the cytotoxic activity.
The IC 50 values of the complexes against the selected tumor cell lines are listed in Table 3 , and the cell viability is depicted in Fig. 3 . Except for 1 and 2, which were ineffective, all compounds showed a significant dose-dependent antiproliferative effect against the three cell lines. These results are in good agreement with our earlier report [13] on antibacterial activity of the organotin(IV) complexes, the most active being Ph 2 SnCl 2 and n Bu 2 SnCl 2 derivatives. Comparing the IC 50 values, the di-n-butyltin complexes 6 and 7 appeared most active against all the selected tumor cell lines, followed by diphenyltin complexes 8 and 9. Interestingly, complex 7 showed higher cytotoxic activity than 6 against HepG2 cells, but lower cytotoxicity than 6, towards MCF-7 and HeLa cells (IC 50 values significantly different with P < 0.005, Student's t test). These results suggest that different complexes display different cytotoxic effects on different tumor cell lines. Among diethyltin(IV) complexes (3-5), complex 5 containing dptp as ligand, showed an overall anti-proliferative efficacy comparable to cisplatin, while 3 and 4, containing dbtp in 1:1 and 1:2 M ratio, respectively, were significantly less active. However, experiments performed to assay the activity of dbtp and dptp ligands used to synthesize the organotin(IV) complexes, demonstrated that these ligands were unable to exert any inhibitory activity (not shown). Among the nine organotin(IV) complexes checked, only compound 6-9 exhibit a strong activity against HepG2, MCF-7 and HeLa, being even more active than cisplatin, which is clinically widely used.
Under the same assay conditions, compounds 6-9, did not substantially impaired the normal immortalized human Chang liver cells viability (Fig. 4) . Only a modest effect (15%) was observed after treatment with 6 and 7 at 10 lM, suggesting tumor cells as the main target of their cytocidal action.
On the basis of the data analysis, in agreement with what had been observed in previous studies [29] , possible structure-activity relationships indicates that the biological activity of organotin(IV) series depended on both the ligand and the R groups bound to tin atom. Organo-R-groups appear to play an important role: indeed, the di-n-butyltin complexes 6 and 7, exhibit the strongest antitumor activity, while the diorganotin derivatives with a short (methyl, ethyl) carbon chain exhibit very low activities. The activity of diphenyltin(IV) 8 and 9, on the other hand, is lower compared to of 6 and 7 complexes. Hence, for this class of organotin(IV) complexes, the activity follows the order n Bu > Ph > Et > Me for the tested tumor cells. Moreover, taking into account the ligands, cytotoxity results in Table 3 indicate that 7 and 9, containing dptp ligands, exhibit better antitumor properties against HepG2 than 6 and 8 with dbpt ligands, as shown by their lower (0.6-3.0 lM)
IC 50 values. On the other hand, 6 and 8 exhibit lower IC 50 values against MCF-7 and HeLa.
The tendency to obtain inhibitory activity as a function of increasing lipophilicity in the series Me > Et > n Bu > Ph, which facilitates cell membrane crossing, well agrees with the known relationship between organotin toxicity and hydrophobicity [30, 31] . In the present study, an attempt was made to compare the antitumor and antibacterial activity of the diorganotin(IV) complexes substituted with different alkyl (methyl-, ethyl-and n-butyl) and phenyl group. Our previous study [13] clearly indicated that 9 and 6 exhibit good antibacterial activity against Staphylococcus aureus ATCC29213, with a MIC value of 5 and 10 lg mL À1 respectively, and compound 6 showed an interesting activity against the methicillin resistant strain S. aureus ATCC43866 (MIC value of 20 lg mL
À1
). The compounds 7-9, on the other hand, resulted active against methicillin resistant Staphylococcus epidermidis RP62A.
Apoptosis studies
Cell death can usually occurs by necrosis, inducing severe inflammation, or by apoptosis. Apoptotic cells are transformed into small membrane-bound vesicles (apoptotic bodies) which are engulfed in vivo by macrophages, and no inflammatory response is triggered. Therefore, induction of apoptosis is considered important in the development of anticancer drugs and apoptotic markers in cells treated with organotin(IV) complexes were investigated to rationalize their inhibitory effects on cell viability. On the basis of their cytotoxic effect, the most active complexes 6-9 were chosen and their concentration selected on the basis that it represented IC 50 value at 24 h. Analysis was carried out on HepG2 cell line against which the complexes 6-9 showed higher cytotoxicity than cisplatinum. In the earlier events of the apoptotic process, scrambling of plasma membrane causes PS translocation from the inner to the outer membrane [32] . Thus, PS is exposed to the external environment and can bind to the annexin V-FITC conjugate, for which PS has a high affinity [33] . On the latest stages of the apoptotic process, as well as in necrotic processes, cell membranes lose their integrity, allowing PI to access the nucleus and intercalate between the DNA bases. FACS analysis using annexin V-FITC/PI double staining, allows to differentiate viable cells (annexin VÀ and PIÀ) from early (annexin V+ and PIÀ) or late apoptotic (annexin V+ and PI+) and necrotic (annexin VÀ and PI+) cells. As shown in Fig. 5 none of the complexes exerted necrotic effects on HepG2 cells, while inducing a clear pro-apoptotic effect with cells distributed between early and late apoptosis.
Morphological evidence of apoptosis was obtained by a staining method utilizing AO and EB which allows the identification of viable, apoptotic, and necrotic cells based on color and appearance. Under the fluorescence microscope, live cells appear green with intact nuclei whereas necrotic cells, showing a nuclear morphology resembling that of viable cells, stain red. Apoptosis is demonstrated by the appearance of cell shrinkage with condensation and breaking up of the nuclei. Apoptotic cells were easily distinguished from necrotic cells because the latter appeared orange with a normal nuclear structure. As shown in Fig. 6 , non-treated living HepG2 cells (control) appeared uniformly green indicating integrated structure and normal size. After 24 h exposition to the complexes 6-9, cells in early apoptotis were observed, containing bright green patches in the nuclei as a consequence of chromatin condensation and nuclear fragmentation. Moreover, fluorescing orange cells, presenting cell shrinkage, chromatin condensation, nuclear fragmentation, and formation of apoptotic bodies were also evident as cells in late apoptosis (Fig. 6 ).
Cell cycle distribution analysis by flow cytometry
The effects of the complexes 6-9 on HepG2 cell cycle distribution was determined by flow cytometric analysis after staining of DNA with PI. Differentiation between phases of the cell cycle is based on the content of genetic material, which in non-dividing cells is limited to one copy of DNA. The cell population in the S phase (DNA replication phase) is synthesizing genetic material, and thus contains more DNA than quiescent cells. The subsequent G2/M phase (interphase/mitosis) is characterized by the presence of two copies of DNA. At last, cells in the subdiploid region is considered as an index of apoptosis. Therefore, the alterations in these phases are used as a basis for comparing different treatments.
As shown in Fig. 7 , the complexes 6-9 caused an accumulation of treated cells in subG0/G1 phase, confirming their cytotoxic effects, and induced a marked cell arrest in G0-G1 phase of the cycle (more than 60%). These findings may suggest that these complexes can affect the cell mechanisms promoting DNA duplication.
Conclusions
The compounds 1-9 were screened in vitro against three human cancer cell lines, HepG2 (human hepatocellular carcinoma), HeLa (human cervix adenocarcinoma) and MCF-7 (human breast cancer) and with the normal immortalized human Chang liver cells as a selectivity control. The nature (alkyl/phenyl) and size of covalently attached R groups of Sn(IV) atom played a key role in the toxicities of the reported complexes. Di-n-butyltin-and diphenyltin derivatives 6-9 showed cell growth-inhibitory potencies, expressed as IC 50 values, much higher than cisplatin, the most clinically established chemotherapeutic drug. The cell death mechanism exerted by the organotin(IV) derivatives was apoptosis, as established in HepG2 cells by flow cytometric analysis of externalization of plasma membrane phosphatidylserine externalization and fluorescence microscopy after double staining with AO and EB. According to results from cytofluorimetric analysis of PI-stained cells, complexes 6-9 appeared to inhibit cell entry in S-phase, thus inducing cell death. Future studies will focus on the molecular mechanisms by which organotin(IV) complexes induce cell cycle arrest.
The molecular structure of the compounds 4 and 9 was previously investigated [13] and in the present study X-ray diffraction data of compound 7 are reported. The results obtained confirm the importance of both conformational flexibility in molecules provided with biological activity, because typical drug molecules represent a confluence of conformational mobility and functional complexity, and chirality in hitting the biological target. The lower IC 50 values exhibited by compounds 7 and 6, compared to the other tested compounds, seem to suggest the singularity of the features possessed among the other complexes investigated, of which, apart from 4 and 9, unfortunately no solid state structure is available for comparison.
In conclusion, it has been recently established that the [R 2 Sn(IV)] 2+ compounds with maximum antitumor activity combined with low mammalian toxicity are adducts of the type R 2 SnX 2 L 2 (X = halogen, pseudohalogen, L = O-or N-donor ligand). A large number of compounds have now been screened against a variety of tumor cell lines, and several reviews have been published as shown above. Structural features of diorganotin(IV) complexes containing an N-donor atom, particularly longer Sn-N bond length, could apparently favour binding to DNA, whereas the inactive complexes had Sn-N bonds shorter than 2.39 Å, at least for bidentate N ligands. The Sn-N bond length in the highly active complex 7, well beyond the ''threshold'' for activity, can be compared to the results obtained from the investigations of the crystal structures of compounds 4 and 9. Actually, while 4 shows only a modest anti-proliferative activity in vitro, 9 behaves much better than cisplatin, showing also selectivity towards tumor cells. In our opinion, reasons for determining activity or inactivity of organotin(IV) compounds with monodentate N-donor are much more the result of an interplay of favorable steric, enantiomeric and conformational factors summed up to the nature of the organotin(IV) ligands than the single geometric parameters. Hopefully, further structural studies will cast some light on elucidation of their mechanism of action.
